NO 2 fission is a vital factor for 1,3,5-Trinitroperhydro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) decomposition. In this study, the geometry of the gas-phase RDX and HMX molecules was optimized, and the bond order and the bond dissociation energy of the N-N bonds were examined. Moreover, the rate constants of the gas-phase RDX and HMX conformers, concerning the N-N bond dissociation, were evaluated using the microcanonical variational transition state theory (μVT). The calculation results have shown that HMX is more stable than RDX in terms of the N-N bond dissociation, and the conformers stability parameters were as follows: RDXaaa < RDXaae < HMX I < HMX II. In addition, for the RDX conformers, the N-N bond of the pseudoequatorial positioning of the nitro group was more stable than the N-N bond of the axial positioning of the nitro group, while the results were opposite in the case of the HMX conformers. Moreover, it has been shown that the dissociation rate constant of the N-N bond is influenced by the temperature significantly, thus the rate constants were much lower (<10 −10 s −1 ) when the temperature was less than 1000 K.
. Nowadays, some researchers study the NO 2 fission of RDX and HMX molecular using the ab initio calculations. However, most of studies were conducted with a small basis set, which was not accurate enough for a prediction of the involved chemical reactions 10 . Since the NO 2 fission (N-N bond dissociation) reaction has an important role in the RDX and HMX decomposition, a theoretical study on that reaction, concerning different RDX and HMX gaseous conformers, and using the ab inito calculation is presented in this paper. The obtained results provide valuable information on the gas-phase RDX and HMX decomposition and combustion mechanisms.
Computational details
The structural optimizations, and frequency and energy profile calculations were expedited with the Gaussian 09 program at m062x/cc-pvtz level 11 . The bonding strength was evaluated by the bond order (BO), and the mayer, wiberg and laplacian bond orders of the N-N bond for RDX and HMX were analyzed with the mutiwfn . Moreover, the bond dissociation energy (BDE) of the N-N bond strength for RDX and HMX was calculated in order to evaluate the bonding strength 13 . The BDE of A-B bond at 0 K could be defined by 14 :
The BDE with zero-point energy (ZPE) correction can be obtained by:
ZPE 0
where ΔZPE is the ZPE difference between the products and the reactants. Since there were no transition states in the N-N bond dissociation of RDX and HMX molecules, the rate constants of the barrierless reactions in the 400-2500 K temperature range were evaluated by the microcanonical variational theory (μVT) method using the VKLab program 15 .
Results and Discussions
Structure of gas-phase RDX and HMX. There are many conformers for the gas-phase RDX and HMX, and the differences between them are mainly based on the ring shape and the nitro group position relative to the ring atoms. The RDX conformers are usually labeled according to axial (A) or pseudo-equatorial positioning (E) of the nitro groups about the ring. Some of previous works have indicated that the AAA structure, wherein all nitro groups occupy axial positions, is consistent with the electron diffraction results of the gas-phase RDX, while the AAE structure, wherein two nitro groups occupy axial positions and one nitro group occupies a pseudo-equatorial position, is consistent with the stable RDX crystal structure (α-RDX) 16 . In addition, some researches have shown that the N-N bond dissociation reactions are more favored for the AAA and AAE conformers. Therefore, the AAA and AAE conformers were used in this study, and the optimized structure is shown in Fig. 1 . Moreover, two most stable conformers of the gas-phase HMX were examined, the first one with two nitro groups at axial positions, and the second one with two nitro groups at pseudo-equatorial positions, presented in Fig. 1(c) and (d), respectively.
The RDX conformers, presented above, belong to C 3V and C s point group respectively, while the HMX conformers belong to C 2V and C i point group, respectively. Therefore, according to the symmetry, there are seven different N-N bonds for the conformers, and the N-N bond dissociation for the gas-phase RDX and HMX could be studied by the investigation of these bonds properties.
Property of N-N bonds for RDX and HMX.
The calculated properties of different N-N bonds are shown in Table 1 .
The results presented in Table 1 show that for RDX conformers, the N-N bond length is longer in the case of axial positioning of nitro groups. On the other hand, the results for HMX conformers are opposite, which indicates complicated properties of the N-N bonds for RDX and HMX. The bond strength usually has positive relationship with bond order, and according to results in Table 1 , the bond order obtained from different methods shows the similar trend. The N-N bond of the pseudo-equatorial positioning of nitro groups has a higher bond order for RDX conformers, which indicates the higher stability of the bond. However, from the bond order aspect, the N-N bond of the axial positioning of nitro groups is slightly more stable for HMX conformers. In addition, compared with RDXaae and HMX I, the N-N bond dissociation has higher possibility to appear in RDXaae and HMX II conformers because of the lower bond orders.
The stability of the N-N bond could be also evaluated by the BDE ZPE . In Table 1 , it is shown that BDE ZPE is consistent with a bond order of some conformers, thus the same conclusions could be obtained. However, the bond order is inconsistent with BDE ZPE for all conformers listed in Table 1 , due to the structure difference of RDX and HMX. The BDE ZPE results show that the stability of the N-N bond for RDX and HMX conformers is as follows: RDXaaa < RDXaae < HMX I < HMX II. As it can be seen in Fig. 4 , the N-N bonds of the axial positioned nitro groups for two RDX conformers have similar dissociation rate constants, and the dissociation rate constants are higher than dissociation rate constants in the pseudo-equatorial positioning cases. Nonetheless, the similar dissociation rate constants of the N-N bonds of the axial positioned nitro groups are shown in Fig. 5 . As it can be seen in Fig. 5 , the dissociation rate constants are lower than the dissociation rate constants in the pseudo-equatorial positioning cases. Moreover, the N-N bonds of HMX conformers are more difficult to be dissociated.
Rate constant of NO
In addition, according to the relationships presented in Figs 4 and 5, the dissociation rate constants of the N-N bond are significantly influenced by the temperature, therefore the rate constants were much lower (< 10 −10 s −1 ) when the temperature was less than 1000 K. Hence, a high temperature favors the decomposition of the gas-phase RDX and HMX greatly. Moreover, the N-N bond dissociation is vital for higher reaction rates. In this study, the Arrhenius parameters were obtained by fitting of the reaction rate curves, and the results are shown in Table 2 .
As shown in Table 2 , the high stability of HMX, in terms of N-N bond dissociation, is consistent with the BDE ZPE results. The activity energy of the N-N bond dissociation for RDX conformers was lower in the case of axial positioning of nitro groups, which indicates the higher stability of the N-N bond for pseudo-equatorial positioning of nitro groups. In the contrast to the RDX conformers, HMX conformers had higher activity energy of the N-N bond dissociation and provided more stable N-N bond in the case of axial positioning of nitro groups.
Conclusions
According to the results presented in this paper, the following conclusions can be made:
(1) HMX conformers are more stable than RDX conformers in terms of the N-N bond dissociation due to the higher bond order, higher BDE ZPE and lower reaction rate constant, and the stability of conformers is as follows: RDXaaa < RDXaae < HMX I < HMX II. (2) For RDX conformers, the N-N bond of the pseudo-equatorial positioning of nitro groups is more stable than N-N bond of the axial positioning of nitro groups, while the results are opposite for HMX conformers. (3) Temperature has a great impact on the dissociation rate constant of the N-N bond. The rate constants are very low (< 10 −10 s −1 ) when the temperature is less than 1000 K, thus they can be neglected. Lastly, the reaction rate is much higher at high temperature.
